To determine whether exposure to tobacco smoke in late pregnancy can be reliably estimated by measuring carbon monoxide (CO) in the mother and newborn breath.
Exposure to tobacco smoke is an important environmental health hazard. 1, 2 Maternal smoking is associated with increased abortion rate, perinatal mortality, increased risk of intrauterine growth retardation, and preterm delivery. 1 Studies of the effect of parental smoking on pregnancy have generally relied on questionnaires to estimate exposure. However, parental interviews are susceptible to information bias. 1, 3, 4 The use of biochemical markers of cigarette smoke absorption, such as cotinine, carboxyhemoglobin (COHb) and carbon monoxide (CO) in expired air, have thus been suggested to be more accurate. [1] [2] [3] [4] [5] [6] The aim of this study was to determine whether exposure to tobacco smoke in late pregnancy may be reliably estimated by measuring CO in the maternal and newborn's breath. We correlated CO levels in the expired air to the number of cigarettes smoked by the mother.
MATERIALS AND METHODS
We prospectively enrolled a convenience sample of 68 mothers and their newborns, from August 1995, through November 1996. The long recruitment duration was required because of the low percentage of smoking pregnant women in our population. Only healthy singleton term infants (Ն37 weeks' gestation and birth weight Ն2500 gm) were included. After delivery, the newborns were protected from exposure to environmental tobacco smoke.
In order to exclude hemolysis, which could independently contribute significantly to measurement of end-tidal CO (corrected for inhaled air; ETCOc) levels, 7, 8 blood group, direct Coombs test, hematocrit, and reticulocyte counts were determined by standard techniques. Exclusion criteria included exposure to any known hemolytic agent, blood group incompatibility, instrumental delivery, neonatal asphyxia, congenital malformations, fever or any evidence of an infectious disease, cephalohematoma or signs of bruising, or maternal illness such as diabetes mellitus or preeclampsia. All women gave informed consent for their own and their newborns' participation, in
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accordance with the institution's human investigation review board approval. Following admission to the delivery room, each mother was interviewed and data were collected about smoking habits, the number of cigarettes smoked per day in each trimester, environmental smoke exposure, and medical and obstetric history. ETCOc measurements and blood samples for cotinine and COHb were obtained at that time. ETCOc was measured for each newborn as soon as possible after delivery. Cotinine and COHb were determined in cord blood for only a subgroup of the newborns owing to financial constraints.
ETCOc was measured with a portable automated analyzer (Baby's Breath CO analyzer; Natus Medical Inc., San Carlos, CA). 9 Maternal ETCOc was measured by breathing into a specially designed bag. Three end-expiratory samples were collected from each mother, following instruction by one of the investigators. The contents of the bag were then sampled by the analyzer to provide the ETCOc levels. We collected and simultaneously analyzed triplicate samples of breath exhaled from the quietly resting (not crying) infants via a 5-Fr catheter placed 2 cm into the anterior nares.
Serum cotinine was measured by radioimmunoassay. The lower limit of the assay sensitivity was 10 ng/ml. The COHb content in blood was determined by gas chromatography as described previously. 10 In the analyses we used the absolute COHb levels and the percentage of COHb of the total hemoglobine level (%COHb).
We measured serum total bilirubin by determining optical absorbency at 460 nm, with correction for hemoglobin contamination at 550 nm (Unistat Bilirubinometer; AO Scientific Instruments, Buffalo, NY). The glucose-6-phosphate dehydrogenase activity in erythrocytes was screened using a kit (No. 400K; Sigma Chemical Co., St. Louis, MO) that uses a colorimetric method based on the reduction of the blue dye dichlorophenol indophenol to a colorless state.
Statistical analysis was performed with a nonpaired Student's t test for continuous variables and with -squared or Fisher exact tests for dichotomous data. Pearson product moment correlation (r) was used to describe the relative strength of the linear relationship between variables. Statistical significance was assumed at p Ͻ 0.05.
RESULTS
Of the 68 mothers, 17 (25.0%) actively smoked up to the last week of gestation, 31 (45.6%) reported being passively exposed to husband's smoking in close proximity during the week preceding birth, and 20 89 (29.4%) denied any significant exposure to environmental smoke. The three groups were similar in respect to parental age, parity, gestational age, weight at birth, 1-and 5-minute Apgar scores, and peak bilirubin levels (Table 1) . Smoking mothers had significantly higher ETCOc levels compared to nonsmoking and women exposed involuntarily to cigarette smoke. Similarly, higher concentrations of cotinine and COHb were measured in the blood samples of this group (Table 2) . Neonatal ETCOc was measured 1.84 Ϯ 1.2 (range, 0.5 to 6.5) hours after delivery. Compared with their peers, the offspring of smoking mothers had significantly higher levels of ETCOc, COHb, and cotinine ( Table 2 ).
The number of cigarettes smoked during the third trimester was significantly correlated with maternal ETCOc, as well as with maternal cotinine and COHb levels ( Table 3) . A highly significant correlation was found between the levels of these biomarkers in the newborn and the number of cigarettes smoked by his mother (Table 3) .
To establish further the validity of ETCOc as an estimate of tobacco smoke exposure, we correlated its levels with those of previously accepted biomarkers cotinine and COHb. Maternal and neonatal ETCOc readings were highly correlated with cotinine and COHb measurements in maternal and cord blood and with each other (Table 4) .
Although our study did not specifically address the effect of smoking on birth weight, it is interesting to note that neonatal and maternal ETCOc (Table 4 ) and the number of cigarettes smoked in the last trimester (Table 3) , each had a negative significant correlation with the newborn's birth weight. In a linear regression analysis, neonatal ETCOc was significantly associated with birth weight ( p Ͻ 0.006; r 2 ϭ 0.11). This relationship remained unchanged when gestational age and parity were added into the regression model.
DISCUSSION
Maternal smoking is one of the few recognized health hazards to the mother and her newborn that can be modified by medical intervention.
1,2,4 -6,11-13 Encouraging pregnant women to quit smoking may be aided by a reliable and convenient tool that quantifies the exposure to tobacco smoke. In this study we demonstrated that both neonatal and maternal ETCOc measurements were highly correlated with other biomarkers for smoke exposure such as cotinine and COHb, as well as the number of cigarettes smoked by the mother. High levels of COHb in the cord blood were previously described in infants of smoking mothers. 13 However, this is the first report of the correlation between CO levels in the exhaled air of newborns and the level of exposure to tobacco smoke in utero.
There are several biomarkers of tobacco smoke exposure such as cotinine and COHb. However, their routine use may be limited due to cost, availability, and the inconvenience of obtaining blood urine or saliva samples.
1 ETCOc measurements are easily performed, are noninvasive, are relatively inexpensive, and provide immediate measure of exposure. These characteristics make this tool suitable for daily office use. In addition, neonatal cotinine levels are lower than maternal measurements. 11, 12 Therefore, this biomarker may be of limited value in newborns. Moreover, ETCOc measurements avoid the hazards associated with the handling of body fluids. ETCOc levels were previously correlated with COHb levels in the blood. 7 Following exposure to tobacco smoke there is a transient increase in COHb. Therefore, ETCOc are dependent not only on the number of cigarettes smoked, but also on the time elapsed from the last cigarette. 1, 5, 6 CO has a higher affinity to the fetal hemoglobin, and its levels are higher in the blood of the fetus blood than in the mother.
14 This facilitates measuring its levels even after a few hours of abstinence, which is common in a labor room situation.
COHb has been implicated as responsible, at least in part, to the detrimental effect of smoking. Therefore, measuring neonatal ETCOc may have more clinical significance than merely as a biomarker for exposure. This can be demonstrated by the fact that neonatal ETCOc accounted for 11% of the variability in birth weight in our group. This finding is similar to those of Secker-Wallace et al. 6 who demonstrated that maternal CO levels in the exhaled air were associated with a linear decrease in birth weight.
Both maternal and neonatal ETCOc were not elevated in the involuntary exposed. Passive exposure is associated with intrauterine growth retardation, increased risk for perinatal mortality, and long term morbidity. 2 However, a good tool to quantify this environmental exposure is lacking. Even the use of cotinine, the best available biomarker, is limited to epidemiologic studies of large populations, and is not suitable for individual counseling. 15 CO production in the newborn is increased by hemolysis because hemoglobin degradation is the only metabolic pathway that produces significant amounts of this gas. 9 Neonatal hyperbilirubinemia and hemolytic disease of the newborn are important clinical conditions in which CO production is elevated. 8, 9 Therefore, increased neonatal ETCOc levels should be interpreted with caution when there is evidence for hemolysis. In such cases maternal ETCOc may be used.
Maternal and neonatal ETCOc levels may serve as a reliable tool to assess the exposure to tobacco smoke immediately before or after delivery. These noninvasive, readily performed measurements may have a role in research and as an aid in smoking cessation programs. Initial encouraging data exist on its use for these purposes. 
